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Abstract. 
 
Protein targeting to the membrane of the ER 
is regulated by three GTPases, the 54-kD subunit of the 
 
signal recognition particle (SRP) and the 
 
a
 
- and 
 
b
 
-sub-
unit of the SRP receptor (SR). Here, we report on the 
GTPase cycle of the 
 
b
 
-subunits of the SR (SR
 
b
 
). We 
found that SR
 
b
 
 binds GTP with high afﬁnity and inter-
acts with ribosomes in the GTP-bound state. Subse-
quently, the ribosome increases the GTPase activity of 
SR
 
b
 
 and thus functions as a GTPase activating protein 
for SR
 
b
 
. Furthermore, the interaction between SR
 
b
 
 
and the ribosome leads to a reduction in the afﬁnity of 
SR
 
b
 
 for guanine nucleotides. We propose that SR
 
b
 
 reg-
ulates the interaction of SR with the ribosome and 
thereby allows SR
 
a
 
 to scan membrane-bound ribo-
somes for the presence of SRP. Interaction between 
SRP and SR
 
a
 
 then leads to release of the signal se-
quence from SRP and insertion into the translocon. 
GTP hydrolysis then results in dissociation of SR from 
the ribosome, and SRP from the SR.
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T
 
ARGETING
 
 of nascent secretory and membrane pro-
teins to the membrane of the ER involves the in-
teraction between the signal recognition particle
(SRP)
 
1
 
 (Walter and Blobel, 1981) and SRP receptor (SR;
also known as docking protein; Gilmore et al., 1982;
Meyer et al., 1982). SRP contacts the signal sequence via
its 54-kD subunit, mediates an arrest of nascent chain
elongation, and interacts with the SR in the ER membrane
(reviewed by Walter and Johnson, 1994; Lütcke, 1995). At
the ER membrane, the signal sequence is released from
SRP54 and is inserted into the channel of the translocon
that is formed by the subunits of the Sec61p complex
(Brundage et al., 1990; High and Dobberstein, 1991; Gör-
lich and Rapoport, 1993; Mothes et al., 1994; for review
see Corsi and Schekman, 1996; Matlack et al., 1998).
The targeting of nascent proteins to the ER membrane
is regulated by three GTPases, SRP54, the 70-kD 
 
a
 
-sub-
unit (SR
 
a
 
), and the 30-kD 
 
b
 
-subunit of SR (SR
 
b
 
; Bern-
stein et al., 1989; Connolly and Gilmore, 1989; Römisch et al.,
1989). GTPases bind and hydrolyze GTP and can exist in
three states. Binding of GTP induces a conformational
change that turns the GTPase into an active state. Hydro-
lysis of GTP to GDP switches this active state off. The
empty state is usually an intermediate between the ex-
change of GDP for GTP. GTP hydrolysis and GTP bind-
ing can be regulated by GTPase activating proteins (GAPs)
and guanine nucleotide exchange factors (GEFs), respec-
tively (Bourne et al., 1991).
Initial work showed that the SR-dependent release of
the signal sequence from SRP requires GTP (Connolly
and Gilmore, 1989) and that the subsequent dissociation
of SRP from the SR requires GTP hydrolysis (Connolly
et al., 1991). Analysis of GTP binding and hydrolysis by in-
dividual GTPases or combinations revealed that free SRP
only binds guanine nucleotides weakly. In addition, bind-
ing of SRP54 to free signal peptides further reduces the af-
finity for nucleotides (Miller et al., 1993). If, however, a
signal sequence of a nascent polypeptide chain and the ri-
bosome is contacted by SRP54, the affinity of SRP54 for
GTP is increased (Bacher et al., 1996). The GTP-primed
SRP ribosome–nascent chain complex (RNC) has a high
affinity for SR in the ER membrane (Bacher et al., 1996).
The GTP-bound form of the SR
 
a
 
 contributes to the stabi-
lization of the SRP–SR complex (Rapiejko and Gilmore,
1997). Signal sequence transfer from SRP54 to the translo-
con only occurs when both SRP54 and SR
 
a 
 
are in their
GTP-bound form (Rapiejko and Gilmore, 1992, 1997;
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1. 
 
Abbreviations used in this paper:
 
 GAP, GTPase activating protein; GEFs,
guanine nucleotide exchange factors; PPL, preprolactin; RNC, ribosome–
 
nascent chain complex; SR, signal recognition particle receptor; SR
 
a
 
, 
 
a
 
-sub-
unit of the SR; SR
 
b
 
, 
 
b
 
-subunit of the SR; SRP, signal recognition particle.  
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Bacher et al., 1996). GTP hydrolysis by SRP54 and SR
 
a
 
leads to the dissociation of SRP from its receptor (Rapiejko
and Gilmore, 1997). Experiments with XTP-specific mu-
tants of the procaryotic homologues of SRP54 (P48/Ffh)
and SR
 
a
 
 (FtsY) suggest that these proteins function as
GAPs for each other (Powers and Walter, 1995).
Little is known about the function of SR
 
b
 
 and the regu-
lation of its GTPase cycle. The 
 
b
 
-subunit is a type I inte-
gral membrane protein associated with the membrane by
an NH
 
2
 
-terminal transmembrane segment (Miller et al.,
1995). The COOH-terminal GTPase domain is exposed to
the cytoplasmic side of the membrane. It is most closely
related to the ARF and Sar1p subfamily of GTPases,
which function in vesicular trafficking. The SR
 
b 
 
interacts
with the NH
 
2
 
-terminal domain of the SR
 
a
 
, and thereby
anchors it to the membrane. The SR
 
a
 
 can be released
from the 
 
b
 
-subunit by carbonate extraction at pH 12.5
(Miller et al., 1995) or mild proteolysis and high salt treat-
ment (Meyer et al., 1982). Under the latter conditions, a
60-kD soluble fragment of the SR
 
a
 
 is released into the cy-
tosol. Work with the yeast homologue of SR
 
b
 
 has shown
that the interaction between the two SR subunits is impor-
tant for their function. Furthermore, it was found that a
soluble form of SR
 
b 
 
is also functional (Ogg et al., 1998).
To investigate the GTPase cycle of the SR
 
b
 
, we analyzed
GTP binding and hydrolysis in the presence of RNCs or
SRP and liposomes containing SR, Sec61p complex, or
translocating chain-associating membrane (TRAM) pro-
tein. Our results suggest that the ribosome contacts SR
 
b
 
 in
its GTP-bound state, stimulates GTP hydrolysis of SR
 
b
 
,
and leads to a release of SR
 
b
 
-bound GDP.
 
Materials and Methods
 
Materials
 
General chemicals were from Merck or Sigma Chemical Co. 
 
a
 
[
 
32
 
P]GTP
(3,000 Ci/mmol), [
 
35
 
S]methionine, and the ECL system were purchased
from Nycomed Amersham, Inc.
 
Purification and Reconstitution of SR, TRAM Protein, 
and Sec61p Complex
 
SR was purified by immunoaffinity chromatography (Migliaccio et al.,
1992; Görlich and Rapoport, 1993). Antibodies were raised in rabbits to a
peptide corresponding to residues 137–150 of human SR
 
a
 
, coupled to
keyhole limpet haemocyanin with sulphosuccinimidyl 4-(
 
N
 
-maleimido-
methyl)cyclohexane-1-carboxylate (Sulpho-SMCC; Pierce Chemical Co.).
The antibodies were affinity-purified against the immobilized peptide
(Sulpholink gel; Pierce Chemical Co.) and then immobilized on protein
A–Sepharose (Pharmacia Biotech, Inc.) with dimethylsubermidate. The
affinity column was then used to purify SR from a digitonin extract of dog
pancreas rough microsomes, essentially as described by Görlich and Rap-
oport (1993). The yield of SR was 
 
z
 
1 mg from 30,000 equivalence of
rough microsomes.
Sec61p complex was purified from a ribosome-associated membrane
protein fraction by ion-exchange chromatography according to Görlich
and Rapoport (1993). TRAM protein was purified as described (Görlich
et al., 1992a). Protein purity was assessed by 10–15% SDS PAGE (Laem-
mli, 1970) and silver staining (Heukeshoven and Dernick, 1988).
Detergent exchange of translocon components from digitonin to deoxy-
BigCHAP, followed by reconstitution into proteoliposomes was per-
formed as described (Görlich and Rapoport, 1993).
 
Purification of SRP and RNCs
 
SRP was purified from a high salt extract of canine rough microsomes by
gel filtration (Sephadex G-150), followed by ion-exchange chromatogra-
 
phy (DEAE–Sepharose) according to Martoglio et al. (1998). SRP was
then further purified by sucrose density centrifugation (Walter and Blo-
bel, 1983).
RNC complexes bearing preprolactin 86mer nascent chains (PPL86)
were synthesized in the wheat germ lysate translation system (Bacher et al.,
1996). Translation was allowed to proceed for 10 min at 25
 
8
 
C in the pres-
ence of unlabeled amino acids. Further initiation of synthesis was blocked
by the addition of 
 
7
 
methyl guanosine-5
 
9
 
-monophosphate (
 
7
 
me-GMP) to
2 mM. After a further incubation at 25
 
8
 
C for 10 min, the RNCs were stabi-
lized by the addition of 2 mM cycloheximide. Translation reactions were
adjusted to 500 mM KOAc and then the RNCs isolated by centrifugation
through a sucrose cushion (1 M sucrose, 25 mM Hepes-KOH, pH 7.8,
500 mM KOAc, 5 mM Mg(OAc)
 
2
 
, 1 mM cycloheximide, and 1 mM DTT)
for 1 h at 400,000 
 
g
 
 at 4
 
8
 
C. The RNCs were then resuspended in half the
original volume of the translation reaction in HMC buffer (25 mM Hepes-
KOH, pH 7.8, 5 mM Mg(OAc)
 
2
 
, 1 mM cycloheximide) with 500 mM
KOAc and treated with 10 mM NEM for 10 min at 25
 
8
 
C before addition
of 20 mM DTT. The RNCs were then reisolated by centrifugation as before.
RNCs were finally resuspended in HMDC buffer (HMC with 1 mM
DTT) and 150 mM KOAc at a concentration of 56 OD
 
260
 
 units/ml.
 
GTP Cross-linking Assay
 
SR, purified and reconstituted into liposomes (SR liposomes; Görlich and
Rapoport, 1993), was mixed at 25 nM in the presence or absence of puri-
fied RNCs and/or purified SRP (5.6 OD
 
260
 
/ml) with 0.5 
 
m
 
M 
 
a
 
[
 
32
 
P]GTP
(3,000 Ci/mmol) or concentrations as indicated in 50 mM Tris-OAc, pH
7.8, 150 mM KOAc, 2 mM DTT, 5 mM Mg(OAc)
 
2
 
, 2 mM cycloheximide.
After incubation for 20 min on ice and 5 min at 25
 
8
 
C, the 10 
 
m
 
l reactions
were transferred onto a silanized glass plate precooled on ice-cold metal
blocks and irradiated with UV light at 4,000 W/cm
 
2
 
 in a stratalinker™ for
5 min to cross-link the radiolabeled GTP to the proteins (Miller et al.,
1993; Bacher et al., 1996). The solutions were then transferred to an Ep-
pendorf tube and proteins precipitated with an equal volume of 20% TCA
in the presence of 0.15% deoxycholic acid and 10 mM GTP. The pellet
was washed with 10% TCA and with 80% acetone to remove uncross-
linked radiolabeled nucleotides, and analyzed by 12.5% SDS-PAGE
(Laemmli, 1970), followed by PhosphorImaging. Quantification was done
using the PhosphorImager (Fuji). Curves connecting data points and the
apparent dissociation constants (K
 
d
 
) were calculated using the nonlinear
regression program GraphPad Prism™ (GraphPad Software Inc.).
 
GTP Hydrolysis Assay
 
SR, purified and reconstituted into liposomes (Görlich and Rapoport,
1993), was mixed at 25–50 nM in the presence or absence of purified
RNCs (8.4 OD
 
260
 
/ml) and/or purified SRP (25–50 nM) with 0.5 
 
m
 
M
 
a
 
[
 
32
 
P]GTP (3,000 Ci/mmol) in 50 mM Tris-OAc, pH 7.8, 150 mM KOAc,
2 mM DTT, 5 mM Mg(OAc)
 
2
 
, and 2 mM cycloheximide at 25
 
8
 
C for the in-
dicated time points.
Aliquots of the samples were spotted onto polyethyleneimine cellulose
thin-layer plates; 
 
a
 
[
 
32
 
P]GDP was resolved from 
 
a
 
[
 
32
 
P]GTP using 0.75 M
KH
 
2
 
PO
 
4
 
, pH 3.3, as solvent. Radioactive TLC spots were quantitated us-
ing a PhosphorImager. The percentage of GTP hydrolysis was calculated
from the amount of 
 
a
 
[
 
32
 
P]GDP divided by the sum of the amounts of
 
a
 
[
 
32
 
P]GTP and 
 
a
 
[
 
32
 
P]GDP.
 
Floatation Assay
 
Liposomes lacking or containing 50 nM SR or trypsinized SR were incu-
bated in 50 mM Tris-OAc, pH 7.8, 150 mM KOAc, 2 mM DTT, 5 mM
Mg(OAc)
 
2
 
, 2 mM cycloheximide with purified RNCs (2,8 OD
 
260
 
/ml) con-
taining [
 
35
 
S]methionine-labeled PPL86 and 0.5 mM GMPPNP or GDP in
the presence or absence of 50 nM SRP. Wheat germ cytosol (1.8 
 
m
 
l),
which was previously depleted of ribosomes by pelleting the ribosomes at
400,000 
 
g
 
 for 20 min, was subsequently added to 5 
 
m
 
l reactions to block
unspecific binding of ribosomes to liposomes lacking SR. After 30 min in-
cubation at 25
 
8
 
C, 60 
 
m
 
l of ice-cold sucrose buffer containing 2.2 M sucrose,
10 mM Tris-OAc, pH 7.8, 500 mM KOAc, 2 mM DTT, and 5 mM
Mg(OAC)
 
2
 
 was added, thoroughly mixed, and layered under a 100 
 
m
 
l
1.8 M sucrose cushion containing CR buffer (50 mM Tris-OAc, pH 7.8,
500 mM KOAc, 2 mM DTT, 5 mM Mg(OAc)
 
2
 
, 2 mM cycloheximide,
0.5 mM guanine nucleotides) in a TLA 100 tube that was preincubated
with a 10 mg/ml BSA/PBS solution. A 0.25 M sucrose cushion in CR
buffer (40 
 
m
 
l) was laid over the 1.8 M sucrose cushion. After centrifuga-
tion at 400,000 
 
g
 
 for 60 min, the amount of labeled PPL86 in the top and 
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bottom fractions was determined by scintillation counting. The amount of
labeled PPL86 that was recovered in the top fraction in the absence of li-
posomes was taken as background and was subtracted.
 
Results
 
GTP Binding to SR
 
b
 
To test GTP binding to SR subunits, we used UV light-medi-
ated cross-linking of 
 
a
 
[
 
32
 
P]GTP to purified SR reconsti-
tuted into liposomes (SR liposomes). This approach allows
analysis of GTP binding to each SR subunit (Miller et al.,
1993; Bacher et al., 1996). Fig. 1 A shows the purified SR
analyzed by SDS-PAGE and silver staining. 
 
a
 
[
 
32
 
P]GTP
cross-linked to SR liposomes is revealed after SDS-PAGE
followed by PhosphorImaging, and shows labeling of both
SR
 
a
 
 (70 kD) and SR
 
b
 
 (30 kD). An unidentified protein of
 
z
 
50 kD (Fig. 1 A) was also found in various amounts, as
has been reported previously (Miller et al., 1995).
To determine the apparent affinity of SR
 
a
 
 for GTP, we
added increasing concentrations of unlabeled GTP to the
cross-linking reactions with 
 
a
 
[
 
32
 
P]GTP. Proteins were ana-
lyzed by SDS-PAGE, the amount of label in SR
 
a
 
 was
quantified after PhosphorImaging, and was plotted against
the concentration of added GTP. From these data, an
apparent K
 
d
 
 of 14 
 
m
 
M was calculated (Fig. 1 B). To deter-
mine the apparent affinity of SR
 
b
 
 for GTP, we used in-
creasing amounts of 
 
a
 
[
 
32
 
P]GTP in the cross-linking reac-
tions. The amount of labeled SR
 
b
 
 was plotted against
the concentration of 
 
a
 
[
 
32
 
P]GTP (Fig. 1 C). We determined
an apparent K
 
d
 
 of 20 nM GTP for SR
 
b. Thus, the affinity
of SRb for GTP is z700-fold higher than the affinity of
SRa for GTP.
To test whether translocon components affect a[32P]GTP
cross-linking to the SR subunits, we used SR liposomes
containing, in addition, the Sec61p complex and the
TRAM protein. Fig. 2 shows the purified proteins ana-
lyzed by SDS-PAGE and silver staining, and the proteins
cross-linked to a[32P]GTP after SDS-PAGE and Phosphor-
Imaging. As can be seen in Fig. 2, cross-linking of
a[32P]GTP to SRa and SRb is not changed by the inclu-
sion of SR/Sec61p/TRAM liposomes to the assay (Figs. 1
A and 2). Furthermore, we found that the Kd of SRb and
SRa for GTP remained unchanged in the presence of SR/
Sec61p/TRAM liposomes, as compared with SR liposomes
(data not shown). Thus, we conclude that neither the
TRAM protein, nor the Sec61p, influence a[32P]GTP
cross-linking to the SRa or SRb.
To test whether a component of the targeting complex
affects GTP binding to SR, we added purified SRP and/or
purified RNCs bearing PPL nascent chains of 86 amino
acids to SR liposomes. As shown in Fig. 3 A (lanes 1 and
2), the presence of SRP did not affect a[32P]GTP cross-
linking to either SRa or SRb. When RNCs were added,
a[32P]GTP cross-linking to SRa remained the same, how-
ever, a[32P]GTP cross-linking to SRb was strongly reduced
(Fig. 3 A, lane 3). This indicates that the RNC interacts
with SR and selectively reduces a[32P]GTP cross-linking
to SRb. Reduction in a[32P]GTP cross-linking to SRb was
also seen when SRP was added in addition to RNCs (Fig. 3
A, lane 4). In this case, cross-linking of a[32P]GTP to
SRP54 was found to be increased in the presence of RNC,
as shown previously (Fig. 3 A, compare lanes 2 and 4;
Bacher et al., 1996).
The apparent affinity of SRb for GTP in the presence of
RNCs was determined as described. We found that the ap-
Figure 1. Binding of GTP to
SR. A, Purified SR reconsti-
tuted in liposomes analyzed
by SDS-PAGE followed
by silver staining (left).
a[32P]GTP was incubated
with SR liposomes (25 nM)
and cross-linked to SR by
UV irradiation. The sample
was subsequently analyzed
by SDS-PAGE and Phos-
phorImaging (right). An uni-
dentified protein of z50 kD,
found in various amounts in SR preparations, was also labeled with a[32P]GTP and is marked by an asterisk. B, Competition of
a[32P]GTP cross-linking to SR (25 nM) reconstituted into liposomes by increasing concentrations of GTP. Radiolabeled SRa was quan-
tified using a PhosphorImager and plotted against the concentration of GTP. Curve connection data points and the apparent Kd of SRa
for GTP (14 mM) were calculated by a nonlinear regression program. C, Cross-linking of increasing concentrations of a[32P]GTP to SR
(25 nM) reconstituted into liposomes. Radiolabeled SRb was quantified using a PhosphorImager and plotted against the concentration
of a[32P]GTP. The apparent Kd of SRb for GTP was 20 nM.
Figure 2. GTP binding to SR
in the presence of TRAM
and the Sec61p complex. Pu-
rified SR, purified TRAM
protein, and purified Sec61p
complex reconstituted in li-
posomes were analyzed by
SDS-PAGE (10–15% acryl-
amide gel), followed by silver
staining (left). Liposomes
containing SR (25 nM), Sec61p complex (z200 nM), and TRAM
protein (z200 nM) were incubated with 0.3 mM a[32P]GTP. Sam-
ples were UV irradiated and subsequently analyzed by SDS-
PAGE (12.5% acrylamide gel) and PhosphorImaging. An uni-
dentified protein of z50 kD, found in various amounts in SR
preparations, was also labeled with a[32P]GTP and is marked by
an asterisk.The Journal of Cell Biology, Volume 146, 1999 726
parent Kd was 1 mM, z50-fold higher than that observed
in the absence of RNCs (Fig. 3 B). Cross-linking of
a[32P]GDP to SRb was also found to be reduced by the in-
teraction with RNC (data not shown). This indicates that
GTP, as well as GDP, binding to SRb is decreased by RNC.
We next asked whether the decrease in a[32P]GTP
cross-linking to SRb is caused by a direct interaction be-
tween RNCs and SRb, or if it requires the presence of
both SR subunits. To test the latter possibility, we re-
moved SRa by mild trypsin digestion (Meyer and Dobber-
stein, 1980). Fig. 4 A shows that SRa was largely removed
by treatment with 2 ng/ml trypsin and high salt, whereas
SRb resisted proteolysis and remained bound to the mem-
branes. Liposomes containing the b-subunit of SR (SRDa
liposomes) were tested in the a[32P]GTP cross-linking as-
say. Strong a[32P]GTP cross-linking to SRb was seen,
while  a[32P]GTP cross-linking to SRa was greatly reduced
(Fig. 4 B, lane 1). The presence of SRP did not affect
a[32P]GTP cross-linking to SRb (Fig. 4 A, lane 2). When
SRDa liposomes were combined with RNCs, a[32P]GTP
cross-linking to SRb was reduced similarly, as was seen
with SR liposomes (Fig. 4 B, lanes 3). SRP had no effect
on the RNC-mediated reduction of a[32P]GTP cross-link-
ing to SRb (Fig. 4 B, lane 4). This indicates that RNCs di-
rectly interact with SRb, resulting in reduced a[32P]GTP
cross-linking.
GTP Hydrolysis by SR and SRb
We next investigated the effect of the RNC–SR interac-
tion on GTP hydrolysis. SR liposomes were incubated
with RNC and/or SRP and GTP hydrolysis determined by
chromatographic analysis of a[32P]GDP generated in the
assay. No significant GTP hydrolysis was observed with
SR liposomes or RNC alone (Fig. 5 A). However, when
SR liposomes were combined with RNCs an increase of
GTP hydrolysis was observed (Fig. 5 A). This confirms
that RNC interacts with SR and indicates that RNC stimu-
lates GTP hydrolysis by SR. As shown previously, a large
additional stimulation of GTP hydrolysis is observed when
SRP is also added (Bacher et al., 1996). This stimulation of
GTP hydrolysis by SRP was about eight times that ob-
served in the presence of RNCs and SR alone (Fig. 5 A).
This was calculated from the initial slope of the GTP hy-
drolysis curves shown in Fig. 5 A. SRP alone or in combi-
nation with SR or RNC showed only background level of
GTP hydrolysis.
To investigate the RNC-stimulated GTP hydrolysis of
SR in more detail, we used increasing concentrations of
RNCs in the assay. When SR liposomes were tested alone,
or in the presence of SRP, we found that the amount of
GTP hydrolyzed at a given time point was saturable (Fig. 5 B).
This indicates a specific interaction between RNC and SR.
To identify the subunit of the SR that hydrolyzes GTP
in the presence of RNC, we used the SRDa liposomes con-
taining only SRb. SRDa liposomes alone, or combined
with SRP, showed only background levels of GTP hydro-
lysis as observed with SR liposomes (Fig. 5 C, lanes 1, 2, 5,
and 6). When SRDa liposomes were combined with RNC,
the stimulation of GTP hydrolysis was similar to that ob-
served with SR liposomes (Fig. 5 C, lanes 3 and 7), sug-
gesting that the RNC directly interacts with SRb and stim-
ulates its GTP hydrolysis. Addition of SRP and RNC to
SRDa liposomes did not significantly enhance GTP hy-
drolysis above the level seen with RNC alone (Fig. 5 C,
lanes 3 and 4). A significant further stimulation of GTP
hydrolysis is, as expected, observed with SR liposomes in
the presence of RNC and SRP (Fig. 5 C, lanes 7 and 8).
Figure 3. GTP binding to SR in the presence of RNC. A, Cross-
linking of radiolabeled GTP to SR in the presence or absence of
RNC and/or SRP. a[32P]GTP (0.3 mM) was incubated with lipo-
somes containing purified SR (25 nM) in the presence or absence
of RNC (5.6 OD260/ml) and/or 20 nM SRP. Samples were UV ir-
radiated and subsequently analyzed by SDS-PAGE and Phos-
phorImaging. An unidentified protein of z50 kD, found in various
amounts in SR preparations, was also labeled with a[32P]GTP
and is marked by an asterisk. B, Cross-linking of increasing con-
centrations of a[32P]GTP (500 Ci/mmol) to SR (25 nM) in the pres-
ence of RNC (8.4 OD260/ml). Radiolabeled SRb was quantified
using the PhosphorImager and plotted against the concentration
of a[32P]GTP. The apparent Kd of SRb for GTP in the presence
of RNC was 1 mM. GTP cross-linking assay was performed at low
temperature (08C) to reduce GTP hydrolysis. a[32P]GDP was
,1% of a[32P]GTP in the assay, as determined by thin-layer
chromatography.
Figure 4. GTP binding to SRb in the
presence of RNC. A, SR liposomes
were treated with 2 ng/ml of trypsin
(SRDa liposomes) and analyzed by
SDS-PAGE, followed by Western
blotting using antibodies raised against
SRa and SRb. B, Cross-linking of radio-
labeled GTP to the SRb in the pres-
ence of RNC. Liposomes containing
25 nM SRb (SRDa-liposomes) were
incubated with 0.3 mM  a[32P]GTP in
the presence or absence of RNC (8.4
OD260/ml) and/or 20 nM SRP. Samples
were UV irradiated and subsequently
analyzed by SDS-PAGE and Phosphor-
Imaging. An unidentified protein of
z65 kD in SRP preparations was also
labeled with a[32P]GTP and is marked
by an asterisk.Bacher et al. Regulation of SRP Receptor b GTPase by the Ribosome 727
This also has been observed previously, and reflects the
reciprocal GTPase stimulation of SRP54 and SRa (Miller
et al., 1993; Bacher et al., 1996; Rapiejko and Gilmore,
1997). This indicates that RNCs stimulate the GTPase ac-
tivity of SRb, independent of the presence of SRa.
GTP-dependent Interaction of RNC with SR and
SRDa Liposomes
The observation that RNC reduces a[32P]GTP cross-link-
ing to SRb and stimulates GTP hydrolysis by SRb indi-
cates that the RNC contacts SRb. To test this directly, we
allowed interaction of RNC to SR liposomes and then
floated SR liposomes with bound RNC to the top of a su-
crose gradient to separate them from unbound RNCs. To
test for a GTP dependence of this binding, we performed
the assays in the presence of either GDP or the nonhydro-
lyzable GTP analogue GMPPNP. SR liposomes were incu-
bated with purified RNCs bearing 35S-labeled PPL86. To
reduce unspecific binding to the lipids, we included wheat
germ cytosol from which endogenous ribosomes had been
removed. SR liposomes were then floated and the amount
of nascent chains (35S-labeled PPL86) associated with the
floated SR liposomes and in the pellet was determined.
35S-labeled PPL86 nascent chains were not found associ-
ated with liposomes lacking SR (Fig. 6, lane 1). In the pres-
ence of GDP, only a small amount of 35S-labeled PPL86
nascent chains were found associated with SR-liposomes
(Fig. 6, lane 2). In contrast, with GMPPNP, a significantly
increased amount of nascent chains was recovered with
the floated SR liposomes (Fig. 6, lane 3). This suggests that
RNCs bind to the SR liposomes in a GTP-dependent man-
ner. To test the effect of SRP on RNC interaction with SR
liposomes, we included SRP in the assay system. We found
that, even in the presence of GDP, a further increase in
RNC binding to SR liposomes compared with the absence
of SRP (Fig. 6, lanes 4 and 2). But, in the presence of
GMPPNP, a substantially higher amount of RNCs was
found associated with SR liposomes (Fig. 6, lane 5). Taken
together, this suggests two GTP-dependent interactions,
one between the ribosome and SR and the other between
SRP and SR.
To test whether the RNC binds to SRb in the absence of
SRa, we used SRDa liposomes in the floatation assay. As
was seen with SR liposomes, a significantly higher amount
of RNC floated with SRDa liposomes in the presence of
GMPPNP, as compared with GDP (Fig. 6, lanes 6 and 7).
These data suggest that the RNC directly interacts with
SRb in a GTP-dependent manner. The addition of SRP in
the assay led to an increased binding of RNC to SRDa li-
posomes in the presence of GDP, as was seen with SR li-
posomes. This might point to a GTP-independent interac-
tion between SRP and SRb. In the presence of GMPPNP,
a further increase in binding was observed, but much less
Figure 5. GTP hydrolysis by SR and SRb in the presence of RNC. A, Hydrolysis of 0.5 mM a[32P]GTP in the presence of different com-
binations of SR liposomes (40 nM SR), RNC (8.4 OD260/ml), and SRP (50 nM). GTP hydrolysis was stopped by spotting aliquots at dif-
ferent time points onto polyethyleneimine cellulose thin-layer plates. a[32P]GDP was resolved from a[32P]GTP and the amount of
a[32P]GDP and a[32P]GTP analyzed by PhosphorImaging. The amount of GTP hydrolyzed was plotted against the incubation time. B,
GTP hydrolysis by SR (25 nM) in the presence of different concentrations of RNC. GTP hydrolysis was stopped after 10 min and the
amount of a[32P]GDP/GTP analyzed by PhosphorImaging. GTP hydrolysis was plotted against RNC concentrations. Background hy-
drolysis of GTP by RNC was subtracted. C, GTP hydrolysis by SRb in the presence of RNC. SRDa liposomes (40 nM, lanes 1–4) or SR
liposomes (lanes 5–8) were incubated with 0.5 mM a[32P]GTP in the presence or absence of 50 nM SRP and/or RNC (8.4 OD260/ml).
GTP hydrolysis was stopped after 40 min and the amount of a[32P]GDP/GTP analyzed by PhosphorImaging. Background hydrolysis of
GTP by RNC or RNC and SRP, respectively, was subtracted.
Figure 6. Interaction of RNC
with SRb in the presence of
guanine nucleotides. Lipo-
somes lacking SR (lane 1),
SR liposomes (50 nM SR;
lanes 2–5), or SRDa lipo-
somes (50 nM SRb; lanes 6–9)
were incubated with 2.8
OD260/ml RNCs containing
35S-labeled PPL86 and gua-
nine nucleotides in the pres-
ence or absence of 50 nM
SRP. The liposomes were
floated and recovered in the
top fraction. Liposome-
bound RNCs containing 35S-
labeled PPL86 were then
quantified by scintillation counting. Bars indicate mean values of
three independent experiments with SD.The Journal of Cell Biology, Volume 146, 1999 728
than observed with SR liposomes (Fig. 6, lanes 5 and 9).
This indicates that the binding of SRP to SRa is drastically
reduced, whereas the binding between SRb and RNC is
not affected (Fig. 6, lanes 2, 3, 6, and 7).
Discussion
The functions of GTPases are regulated by guanine–nucle-
otide exchange factors (GEFs) and GTPase activating
proteins (GAPs), which mediate GTP binding and stimu-
lation of GTP hydrolysis, respectively. Here, we show that
the ribosome interacts with SRb in its GTP-bound state,
functions as a GAP for SRb, and reduces the affinity of
SRb for guanine nucleotides. Previously, it has been
shown that the ribosome functions as a GEF for SRP54 by
increasing its affinity for GTP. Thus, the ribosome regu-
lates the GTPases of the SRP/SR targeting system at two
stages, first after signal sequence recognition by SRP54
(Bacher et al., 1996) and then at the ER membrane when
it contacts SRb.
To identify components that regulate the SRb GTPase,
we have used liposomes containing purified SR alone
or together with translocon components, namely Sec61p
complex, TRAM protein, and components of the targeting
complex, namely RNC and SRP. Consistent with previous
observations, we found that SRa alone has a very low
affinity for GTP. The apparent Kd of SRa for GTP was
z14 mM (Fig. 1 B). This is in good agreement to the Kd of
10 mM, which has been previously reported (Miller et al.,
1995). However, we found a considerably higher affinity of
GTP for SRb alone or SRb in association with SRa (Kd 5
20 nM) than previously reported by Miller (Kd 5 1 mM;
Miller et al., 1995). In the experiments shown here, SR re-
constituted into liposomes was used, whereas previously,
detergent solubilized SR was used. It is therefore conceiv-
able that GTP binding to SRb is reduced in the presence
of detergents. However, in all studies, SRb has been found
to have a higher affinity for GTP than SRa.
Including components of the translocation machinery
into the proteoliposomes with SR did not affect GTP bind-
ing to SRa nor to SRb, suggesting that these components
do not directly regulate the GTPases of SR. In contrast,
RNCs were found to drastically reduce GTP binding to
SRb. In addition, they specifically stimulate GTP hydroly-
sis by SRb. We suggest that the RNC induces a conforma-
tional change of the GTPase domain of SRb that leads to
both an increased GTP hydrolysis and a reduced guanine
nucleotide binding. As free SRb binds GTP with high af-
finity, interaction of SRb with the ribosome first induces
hydrolysis of bound GTP, and the resulting GDP is then
bound with low affinity. The low GDP affinity might in-
crease the dissociation of the bound GDP, creating an
empty state of the GTPase domain.
SRP alone or in combination with RNC showed no ef-
fect on GTP binding and hydrolysis by SRb, indicating
that it functionally interacts only with SRa. When SRb is
associated with SRa, the presence of SRP leads to the ob-
served burst in GTP hydrolysis via the reciprocal stimula-
tion of GTP hydrolysis by SRP54 and SRa, which was pre-
viously shown (Powers and Walter, 1995; Rapiejko and
Gilmore, 1997).
The difference in regulation of SRb and SRP54/SRa is
in agreement with the difference in the primary GTPase
domain structure of these molecules. The GTPase do-
mains of SRP54 and SRa are related and contain an inser-
tion box that stabilizes the nucleotide-free form of the pro-
teins, resulting in the low affinity for GTP (Freymann et
al., 1997; Montoya et al., 1997). In contrast, the GTPase
domain of SRb is structurally distinct and falls into its own
subfamily of GTPases (Miller et al., 1995).
Ribosomes can bind to ER membranes independently
of a nascent chain or SRP (Borgese et al., 1974). This sug-
gests that there are ribosome receptor proteins at the ER
membrane. Several ribosome receptors have been identi-
fied. Based on ribosome binding assays (Borgese et al.,
1974), ribosome receptors of 34 kD (Tazawa et al., 1991;
Ichimura et al., 1992) and 180 kD (Savitz and Meyer, 1990,
1993) have been identified. However, both were shown
not to be essential for the translocation of proteins across
the ER membrane (Görlich and Rapoport, 1993). There-
fore, they may play a role in modulating ribosome-binding
to the ER membrane or become engaged at times when ri-
bosomes are not active in translation or translocation
(Unwin, 1979; Wanker et al., 1995). Studies on ribosome
binding during ongoing translocation using SR/Sec61p li-
posomes have revealed that the Sec61p complex of the
translocon forms the translocation channel and directly
binds to the ribosome (Görlich et al., 1992b; Kalies et al.,
1994; Neuhof et al., 1998). Binding of ribosomes to the
Sec61p complex also has been visualized by EM and re-
vealed contacts to the large ribosomal subunit, suggesting
that the nascent chain is directly transferred from the exit
site on the ribosome into the protein conducting channel
of the translocon (Beckmann et al., 1997).
The interaction between ribosomes and SRb described
here is unlikely to directly contribute to binding of ribo-
somes to the ER membrane. For this, the high affinity
binding between the Sec61p complex and the ribosome is
probably sufficient (Kalies et al., 1994; Beckmann et al.,
1997). Recent data with the yeast SRb showed that a func-
tional GTPase domain of SRb, but not its membrane-
spanning region, is required for efficient translocation
(Ogg et al., 1998). This is consistent with a regulatory role
of SRb, rather than a role in binding RNC/SRP to the ER
membrane.
How is the GTPase cycle of SRb related to the function
of the other two translocation GTPases, SRP54 and SRa?
The first step in targeting nascent secretory and mem-
brane proteins to the ER membrane is the interaction of
SRP with the signal sequence exposed on a ribosome (Fig.
7, I). The additional interaction of SRP54 with the ribo-
some leads to GTP binding and an activated RNC–SRP–
GTP targeting complex (Fig. 7, II; Bacher et al., 1996).
Binding of the targeting complex to the ER may proceed
in distinct steps and may involve, besides the core com-
ponents of the Sec61p complex, many accessory factors
(Hegde and Lingappa, 1997; Murphy et al., 1997; Mar-
toglio and Dobberstein, 1998). For simplicity, we consider
here only the minimal translocation machinery, the SR
and the Sec61p complex of the translocon.
Because of the high affinity between ribosomes and the
Sec61p complex (Kalies et al., 1994), we envisage that the
first contact between the RNC–SRP–GTP with the ER
membrane is the interaction between the ribosome andBacher et al. Regulation of SRP Receptor b GTPase by the Ribosome 729
the Sec61p complex (Fig. 7, III). This interaction is tran-
sient, as it can be competed by 80S ribosomes (Neuhof
et al., 1998). The ribosome of a membrane-bound RNC–
SRP–GTP complex may then recruit SR by interacting
with SRb–GTP (Fig. 7, IV). This would allow SRa to scan
the ribosome for the presence of SRP and trigger the re-
lease of the signal sequence from SRP54 when GTP has
been bound (Fig. 7, V). The dual contacts between RNC/
SRP and the membrane, via an interaction between the ri-
bosome and SRb, and SRP and SRa may ensure that only
the combination of ribosomes and SRP make a functional
targeting complex.
We thank S. Hauser for generation of the antibodies against the a-subunit
of SR and O. Gruss for help with purifying the Sec61p complex. 
This work was supported by grants from Deutsche Forschungsgemein-
schaft-Schwerpunktprogramm GTPasen and the Landesforschungs-
schwerpunkt-Programm des Landes Baden-Württemberg.
Submitted: 11 May 1999
Revised: 19 July 1999
Accepted: 19 July 1999
References
Bacher, G., H. Lütcke, B. Jungnickel, T.A. Rapoport, and B. Dobberstein.
1996. Regulation by the ribosome of the GTPase of the signal recognition
particle during protein targeting. Nature. 381:248–251.
Beckmann, R., D. Bubeck, R. Grassucci, P. Penczek, A. Verschoor, G. Blobel,
and J. Frank. 1997. Alignment of conduits for the nascent polypeptide chain
in the ribosome–Sec61 complex. Nature. 278:2123–2126.
Bernstein, H.D., M.A. Poritz, K. Strub, P.J. Hoben, S. Brenner, and P. Walter.
1989. Model for signal sequence recognition from amino-acid sequence of
54K subunit of signal recognition particle. Nature. 340:482–486.
Borgese, D., W. Mok, G. Kreibich, and D.D. Sabatini. 1974. Ribosome–mem-
brane interaction. In vitro binding of ribosomes to microsomal membranes.
J. Mol. Biol. 88:559–580.
Bourne, H.R., D.A. Sanders, and F. McCormick. 1991. The GTPase superfam-
ily: conserved structure and molecular mechanism. Nature. 349:117–127.
Brundage, L., J.P. Hendrick, E. Schiebel, A.J.M. Driessen, and M. Wickner.
1990. The purified E. coli integral membrane protein SecY/E is sufficient for
reconstitution of SecA-dependent precursor protein translocation. Cell. 62:
649–657.
Connolly, T., and R. Gilmore. 1989. The signal recognition particle receptor
mediates the GTP-dependent displacement of SRP from the signal sequence
of the nascent polypeptide. Cell. 57:599–610.
Connolly, T., P.J. Rapiejko, and R. Gilmore. 1991. Requirement of GTP hy-
drolysis for dissociation of the signal recognition particle from its receptor.
Science. 252:1171–1173.
Corsi, A.K., and R. Schekman. 1996. Mechanism of polypeptide translocation
into the endoplasmic reticulum. J. Biol. Chem. 271:30299–30302.
Freymann, D.M., R.J. Keenan, R.M. Stroud, and P. Walter. 1997. Structure of
the conserved GTPase domain of the signal recognition particle. Nature. 385:
361–364.
Gilmore, R., P. Walter, and G. Blobel. 1982. Protein translocation across the
endoplasmic reticulum. II. Isolation and characterization of the signal recog-
nition particle receptor. J. Cell Biol. 95:470–477.
Görlich, D., and T.A. Rapoport. 1993. Protein translocation into proteolipo-
somes reconstituted from purified components of the endoplasmic reticulum
membrane. Cell 75:615–630.
Görlich, D., E. Hartmann, S. Prehn, and T.A. Rapoport. 1992a. A protein of
the endoplasmic reticulum involved early in polypeptide translocation. Na-
ture. 357:47–52.
Görlich, D., S. Prehn, E. Hartmann, K.-U. Kalies, and T.A. Rapoport. 1992b. A
mammalian homolog of Sec61p and SecYp is associated with ribosomes and
nascent polypeptides during translocation. Cell. 71:489–503.
Hegde, R.S., and V.R. Lingappa. 1997. Membrane protein biogenesis: regu-
lated complexity at the endoplasmic reticulum. Cell. 91:575–582.
Heukeshoven, J., and R. Dernick. 1988. Improved silver staining procedure for
fast staining in PhastSystem development unit. I. Staining of sodium dodecyl
sulfate gels. Electrophoresis. 9:28–32.
High, S., and B. Dobberstein. 1991. The signal sequence interacts with the me-
thionine-rich domain of the 54-kD protein of signal recognition particle. J.
Cell Biol. 113:229–233.
Ichimura, T., Y. Ohsumi, T. Shido, H. Ohwada, H. Yagame, S. Momose, and H.
Sugano. 1992. Isolation and some properties of a 34kD membrane protein
that may be essential for ribosome binding in rat liver rough microsomes.
FEBS Lett. 296:7–10.
Kalies, K.-U., D. Görlich, and T.A. Rapoport. 1994. Binding of ribosomes to
the rough endoplasmic reticulum mediated by the Sec61p-complex. J. Cell
Biol. 126:925–934.
Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 227:680–685.
Lütcke, H. 1995. Signal recognition particle (SRP), a ubiquitous initiator of
protein translocation. Eur. J. Biochem. 228:531–550.
Martoglio, B., and B. Dobberstein. 1998. Signal sequences: more than just
greasy peptides. Trends Cell Biol. 8:410–415.
Martoglio, B., S. Hauser, and B. Dobberstein. 1998. Cotranslational transloca-
tion of proteins into microsomes derived from the rough endoplasmic reticu-
lum of mammalian cells. In Cell Biology: A Laboratory Handbook. J.E. Ce-
lis, editor, Academic Press, San Diego. 265–273.
Matlack, K.E.S., W. Mothes, and T.A. Rapoport. 1998. Protein translocation:
tunnel vision. Cell. 92:381–390.
Meyer, D.I., and B. Dobberstein. 1980. Identification and characterization of a
membrane component essential for the translocation of nascent secretory
proteins across the membrane of the endoplasmic reticulum. J. Cell Biol. 87:
503–508.
Meyer, D.I., E. Krause, and B. Dobberstein. 1982. Secretory protein transloca-
tion across membranes: the role of “docking protein.” Nature. 297:647–650.
Migliaccio, G., C.V. Nicchitte, and G. Blobel. 1992. The signal sequence recep-
tor, unlike signal recognition particle receptor, is not essential for protein
translocation. J. Cell Biol. 117:15–25.
Miller, J.D., H. Wilhelm, L. Gierasch, R. Gilmore, and P. Walter. 1993. GTP
binding and hydrolysis by the signal recognition particle during initiation of
protein translocation. Nature. 366:351–354.
Miller, J.D., S. Tajima, L. Lauffer, and P. Walter. 1995. The b subunit of the sig-
nal recognition particle receptor is a transmembrane GTPase that anchors
the a subunit, a peripheral membrane GTPase, to the endoplasmic reticu-
lum membrane. J. Cell Biol. 128:273–282.
Montoya, G., C. Svensson, J. Luirink, and I. Sinning. 1997. Crystal structure of
the NG domain from the signal recognition particle receptor FtsY. Nature.
385:365–368.
Mothes, W., S. Prehn, and T.A. Rapoport. 1994. Systematic probing of the envi-
ronment of a translocating secretory protein during translocation through
the ER membrane. EMBO (Eur. Mol. Biol. Organ.) J. 13:3973–3982.
Murphy III, E.C., T. Zheng, and C.V. Nicchitte. 1997. Identification of a novel
stage of ribosome/nascent chain association with the endoplasmic reticulum
membrane. J. Cell Biol. 136:1213–1225.
Neuhof, A., M.M. Rolls, B. Jungnickel, K.-U. Kalies, and T.A. Rapoport. 1998.
Binding of signal recognition particle gives ribosome/nascent chain com-
plexes a competitive advantage in the endoplasmic reticulum membrane in-
teraction. Mol. Biol. Cell. 9:103–115.
Ogg, S.C., W.P. Barz, and P. Walter. 1998. A functional GTPase domain, but
Figure 7. Model depicting GTP-
dependent steps in SRP/SR-medi-
ated targeting of nascent proteins to
the ER membrane. We have shown
here that SRb in its GTP-bound
form contacts ribosomes. This inter-
action stimulates GTPase activity of
SRb. SRb is proposed to allow SRa
to scan the ribosome for the pres-
ence of SRP.The Journal of Cell Biology, Volume 146, 1999 730
not its transmembrane domain, is required for function of the SRP receptor
b-subunit. J. Cell Biol. 142:341–354.
Powers, T., and P. Walter. 1995. Reciprocal stimulation of GTP hydrolysis by
two directly interacting GTPases. Science. 269:1422–1424.
Rapiejko, P.J., and R. Gilmore. 1992. Protein translocation across the ER re-
quires a functional GTP binding site in the a subunit of the signal recogni-
tion particle receptor. J. Cell Biol. 117:493–503.
Rapiejko, P.J., and R. Gilmore. 1997. Empty site forms of the SRP54 and SRa
GTPases mediate targeting of ribosome–nascent chain complexes to the en-
doplasmic reticulum. Cell. 89:703–713.
Römisch, K., J. Webb, J. Herz, S. Prehn, R. Frank, M. Vingron, and B. Dobber-
stein. 1989. Homology of 54K protein of signal-recognition particle, docking
protein and two E. coli proteins with putative GTP-binding domains. Na-
ture. 340:478–482.
Savitz, A.J., and D.I. Meyer. 1990. Identification of the ribosome receptor of
the rough endoplasmic reticulum. Nature. 346:540–544.
Savitz, A.J., and D.I. Meyer. 1993. 180-kD ribosome receptor is essential for
both ribosome binding and protein translocation. J. Cell Biol. 120:853–863.
Tazawa, S., M. Unuma, J. Tondokoro, Y. Asano, T. Ohsumi, T. Ichimura, and
H. Sugano. 1991. Identification of a membrane protein responsible for ribo-
some binding in rough microsomal membranes. J. Biochem. 109:89–98.
Unwin, P.N.T. 1979. Attachment of ribosome crystals to intracellular mem-
branes. J. Mol. Biol. 132:69–84.
Walter, P., and G. Blobel. 1981. Translocation of proteins across the endoplas-
mic reticulum. III. Signal recognition protein (SRP) causes signal sequence-
dependent and site-specific arrest of chain elongation that is released by mi-
crosomal membranes. J. Cell Biol. 91:557–561.
Walter, P., and G. Blobel. 1983. Disassembly and reconstitution of signal recog-
nition particle. Cell. 34:525–533.
Walter, P., and A.E. Johnson. 1994. Signal sequence recognition and protein
targeting to the endoplasmic reticulum membrane. Annu. Rev. Cell Biol. 10:
87–119.
Wanker, E.E., Y. Sun, A.J. Savitz, and D.I. Meyer. 1995. Functional character-
ization of the 180 kD ribosome receptor in vivo. J. Cell Biol. 130:29–39.